Positional control of plasmonic fields and electron emission We report the positional control of plasmonic fields and electron emission in a continuous gap antenna structure of sub-micron size. We show experimentally that a nanoscale area of plasmonenhanced electron emission can be motioned by changing the polarization of an exciting optical beam of 800 nm wavelength. Finite-difference calculations are presented to support the experiments and to show that the plasmon-enhanced electric field distribution of the antenna can be motioned precisely and predictively. V C 2014 AIP Publishing LLC.
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Plasmonic enhancement of optical fields is currently widely explored for applications in sensing, energy conversion, information transfer, and in microscopy. [1] [2] [3] [4] [5] [6] Localized plasmon resonances have been realized in planar gap-type antenna structures, in nanometer-sized tip configurations and in tip-substrate cavities. All of these configurations are capable of confining large electric field strengths in very small regions. In a recent breakthrough, Zhang et al. 7 showed that a plasmonically coupled STM tip is capable of resolving intramolecular features of a mid-sized organic molecule. This extraordinary possibility of confining optical fields to nanometer spaces is important for sensing and for many microscopic and spectroscopic applications. As a next step in this development, it is desirable to motion the confined field region either to fine-tune the spatial overlap between probing field and sample, to carry out spatial scanning procedures or to selectively address separate receivers in routing applications. 8 In this paper, we present a sub-micron device that allows us to precisely position localized plasmon resonances using polarization control in the optical excitation beam. Essentially, by polarization control a specific orientation among the antenna modes in a ring-shaped antenna is selected and by changing the polarization vector the nodes are motioned towards a specific region of the antenna gap. Both the optical field strength distribution and the accompanying non-linear photoelectron emission are monitored with an aberration-corrected photoemission electron microscope using a femtosecond laser pulses as an excitation source. We show experimental results for the spatial control of the localized surface plasmon resonances and the electron emission. The experiments are supported by detailed finite-element calculations.
We use a ring-shaped continuous gap structure with a circular groove of 300 nm width milled into a copper/gold bi-layer to generate electron emission from an underlying indium-tin-oxide (ITO) layer that is exposed by focused-ionbeam milling. Fig. 1 shows a schematic of the used structure. A 310 nm thick ITO film on glass substrate is covered with an evaporated 50 nm thick Cu layer and a 50 nm thick Au layer. The Cu/Au bi-layer arrangement is used here, because it can be structured with better precision than a single gold layer in our 235 FEI dual-beam Focused Ion Beam machine.
A circular groove of 300 nm width and 350 nm inner diameter is milled through the two metal layers, such that the grove bottom is ITO. A layer of 160 nm thickness is milled off the ITO in the exposed area. Illumination is obtained from a Ti-sapphire laser providing 100 fs light pulses at a frequency of 100 MHz and a wavelength of 800 nm. The excitation light falls on the sample at an angle of 60 from the sample surface normal. The polarization of the laser light can be controlled with a tunable wave-plate. An aberrationcorrected photoemission microscope 9 is used to image the photoelectron emission from the device. From the photoemission image, the plasmonic field distribution and the electron emission distribution can be determined. For the current work, the spatial resolution is 45 nm. The calculation of the electric field distribution is carried out in a finite-element approach utilizing the full dielectric functions of the materials and the true spatial dimensions of the device. The calculation was carried out in the RF-Module of COMSOL 4.3, which solves Maxwell's equations for a triangular mesh to obtain the electric field distribution. The mesh size was smaller than k/10, as recommended for this type of model. The calculations were carried out on a dual CPU 2.5 GHz workstation with 180 GB RAM.
The photoelectron emission in this structure is predominantly from the ITO gap region, because of its lower work function: The incident light has a photon energy of 1.5 eV. The workfunction of ITO is 4.3 eV and photoemission can occur in a 3-photon process. The efficiency, threshold energy, and non-linear intensity dependence of the electron emission from ITO in this type of experiment have been reported in an earlier paper. 10 The gold surfaces in the device have a workfunction of 5 eV and photoemission would require a 4-photon process, which has lower probability. As a consequence, photoemission from areas outside the circular ITO groove is very small. At the wavelength of 800 nm, the ITO/glass substrate is transparent and at the corresponding optical frequency, it essentially acts as a dielectric. The metal-ITO ring structure can therefore be considered as a planar optical antenna. In gold nanostructures, the localized surface plasmon resonance typically lies between 500 and 800 nm depending on geometry. As the resonance is not very sharp, it can well be excited by the 800 nm light. The antenna fields are then plasmonically enhanced and acquire very high field strengths in the gap region, i.e., in the ITO groove.
The plasmonic enhancement and the lower work-function of the ITO generate a significant photoelectron emission from the ITO.
The experimental results shown in Fig. 2 . The image shows dipole and quadrupole-like field distributions of the circular antenna structure in the antenna plane. The predominant contribution of the electron emission originates from the groove area, there is no significant emission from the gold surfaces, as expected and in agreement with earlier findings. 10 In the azimuthal direction, four peaked emission regions are apparent. The plasmonic response is largest at the far end of the ring structure, where the electric field vector is perpendicular to the center disc edge and the surface curvature is smallest. For these conditions, the in-coupling of optical power and the excitation of surface plasmon resonances are most efficient. For the linear TM polarization used here and the inclined incidence of the optical beam, one expects the plasmonic response to be symmetric to the plane of incidence. The observed quadrupole-like mode distribution and its orientation are in agreement with these expectations. Additional experiments show that the number of emission nodes depends on the relative size of the ring perimeter and wavelength. When the ring perimeter length is increased, more nodes emerge indicating that the structure in the emission pattern is governed by surface plasmon edge modes, as discussed in more detail in Ref. 13 . The simulations show that at vertical incidence of the laser excitation the plasmonic mode distribution becomes dipolar, indicating that the broken symmetry for inclined incidence is responsible for the more complex mode distribution. Fig. 2(b) shows the calculated data for the optical intensity distribution from the finite-element method. The optical intensity, jEj 2 , is shown, as determined from the electric field strength E. A direct comparison between the photoemission results and the field strength calculation is not entirely straightforward, as workfunction, electron surface density, electric field direction, and tunneling probability are factors contributing to the photoemission rate. In addition, the ITO surface is curved at the edges of the milled area. A good interpretation of the observed photoelectron image can nonetheless be given: In a 3-photon process, the photoemission yield is approximately proportional to the 3rd power of the optical intensity, 14 which itself is proportional to the square of the field strength as calculated in COMSOL. Therefore, the third root of the photoemission yield and the square of the calculated optical field strength are plotted here. The comparison shows good agreement for the lateral distribution and symmetry of the emission pattern. There is, however, some discrepancy as to the strong emission at the far end of the groove, where the experimentally observed photoemission rate is larger than expected from the field strength Fig. 1(c) . The polarization is TM. Photoelectron emission is only discernible from within the groove region. Near the inner perimeter a quadrupolar intensity distribution is seen with the main emissions along the plane of incidence. At the outer circumference, a somewhat broader and weaker quadrupolar distribution is seen. The highest emission rates are found at the gap section located at the far end from the laser source. At this location, the electric field vector is nearly perpendicular to the disc surface and the plasmonic excitation is therefore maximized. (b) Calculated optical intensity, jEj 2 , on a plane inside the metal layer near the ITO interface The intensity distribution shows the same general features and the same symmetry as the photoemission yield. Quantitative differences are attributed to the fact that the photoemission surface is non-planar, while the optical intensity is calculated at a plane.
calculation. This increased photoemission is likely due to the vertical incidence of the electric field vector of the excitation light on the center disc surface that fosters the plasmonic absorption, and the near vertical incidence of the excitation light on to the curved groove surface. Both effects enhance the emission near in this sector of the ring. The intriguing feature of the arrangement is its the spatial confinement of the electron emission areas. The regions of peaked optical enhancement and photoemission are located at the inner perimeter of the ITO groove and have typical radii of 50-150 nm, substantially less than the wavelength.
We next discuss the possibility of shifting the electron emission areas controllably along the circular groove by changing the polarization of the excitation light. If we assume first that the excitation light falls perpendicular onto the sample surface, then any change in polarization direction would be expected to produce an equal angular rotation of the observed dipole and quadrupole distributions in the device. At a light incidence angle of 60 from the surface normal, as used here, one expects an angular rotation in the electron emission pattern that follows the polarization change in a similar, but not necessarily identical way. The experimental results and the simulation indeed confirm this expectation as shown in Figure 3 . Four different polarization directions are shown. In essence, the rotation angle for the emission pattern is approximately one half of the polarization angle change. The correspondence between experiments and simulations is again very good in this parameter. The device thus allows predictable and precise position control of plasmon-enhanced optical fields and electron emission on a nanometer scale.
Since the polarization angle can be controlled optically, this control possibility is of interest in a wide range of applications, particularly in ultrafast light-controlled optical switches, plasmonic routers, and path selectors. Even on slower time scales, the possibility of spatial control of optical fields and electron emission will be useful in sensors and actuators and in nanoscale electron sources. It is noteworthy that in the device shown here, with sufficiently thin metal layers, the excitation light can, in principle, be applied from both sides of the sample, i.e., through the glass/ITO substrate or from the top side as shown here, with only quantitative differences in the optical and electronic output.
To conclude, we have presented a plasmonic device that allows precise nanoscale motioning of plasmonic optical fields and localized electron emission. It uses polarization control to move the center of plasmonic excitations along a ring-like planar antenna structure. Experimental results and finite-element calculations indicate that a precise and predictable motioning is possible. The device will be useful for plasmonic sensors, actuators, routers, and electron sources. 
